Engineering solid tissues, including cardiac muscle, requires the inclusion of a microvasculature. Prevascularization in vitro will likely be dependent upon coculturing parenchymal cells with vascular cells, on a matrix that is sufficiently porous to allow microvessel formation. In this study, we examined the behavior and function of endothelial cells on a highly porous elastomeric 3D poly(glycerol sebacate) (PGS) scaffold, to provide a flexible and biocompatible endothelial cell delivery system for developing cardiac engineered tissues with neovascularization potential. Both static and perfusion cell seeding methods were used, and the effects of surface treatment of the scaffold with various extracellular matrix components were examined. Endothelial cell adhesion and phenotype on the PGS scaffold under various flow conditions were also determined. Surface coating with laminin markedly improved the endothelial cell adhesion, survival, and proliferation. The anticoagulant phenotype of adhered endothelial cells was further regulated by the application of flow through regulation of nitric oxide expression. By providing a highly porous scaffolding that contains endothelium with anticoagulant properties, the endothelial cell-seeded PGS scaffold could provide a new basis for subsequent coculture studies with various cell types to develop complex engineered tissue constructs with vascularization capacity.
INTRODUCTION
like structures with host vasculature in an endothelialized skin has also been demonstrated (38) . Despite the efforts, developing functional vascularized tissues by In recent years, numerous efforts have been made towards developing functional engineered tissues, which forming microvasculature within engineered tissues and integrating them with the vascular supply of the host may be a promising tool to repair or replace irreversibly damaged tissues or organs (2, 19, 29) . A successful appliremains a challenge. Development of microvasculature in vitro will likely cation of a tissue-engineered construct requires an appropriate scaffold material as well as adequate cell adbe dependent upon coculturing parenchymal cells with vascular cells on a matrix that is sufficiently porous to herence, maximized cell viability, and appropriate cell behavior and function on the scaffold. More importantly, allow microvessel formation through endothelial adhesion and differentiation. Several biomaterials have been engineering solid tissues requires an inclusion of microvasculature. However, our current inability to vascularutilized to engineer cardiovascular tissues in vitro. The most widely utilized polymeric scaffold is polyglycolic ize and perfuse thick cell masses has hindered efforts to develop thick and successful living tissue replacements acid (PGA) (26, 30) , and naturally occurring hydrogels such as collagen and fibrin gels have also been emfor surgical implantation or in vitro cultivation.
A number of groups have worked for several decades ployed (16, 23, 46) . The main advantage of using polymeric scaffolds is the ability to support the seeding of to engineer microvessels in vitro (20, 26, 43) . Recently, enhanced neovascularization of engineered cardiac tissue substrate-dependent cells onto a firm surface, and to provide stable mechanical support, which promotes tissue when implanted into rats was facilitated by endothelial cell coculture (33) . Inosculation of engineered capillaryformation. Polymeric scaffolds can sustain higher me-chanical loads than most hydrogels, and therefore have phology and acetylated low-density lipoprotein uptake (DiI-Ac-LDL, Biomedical Technologies Inc., Stoughbeen preferred for many cardiovascular tissue-engineering applications.
ton, MA). RAECs of passage 6-10 were used in this study. A novel biodegradable elastomer, poly(glycerol sebacate) (PGS) can be processed into highly porous scaffolds Scaffold Preparation and Coating with mechanical properties suitable for engineering soft tissues (7,11). PGS has been shown to be biocompatible Porous PGS biorubber scaffolds were fabricated as previously described in detail (41). Scaffolds were cored with multiple cell types including neonatal rat cardiomyocytes (30) and Schwann cells (35) . It was also shown into discs (4 mm in diameter, 1 mm in thickness) and sterilized by autoclaving. To facilitate surface wetting, that the endothelial cells can be cultured on PGS material, though not in a three-dimensional (3D) configurascaffolds were treated with 30-min exchanges in 70%, 50%, and 25% ethanol solution with gentle agitation on tion (8). One of the advantages of PGS scaffolds is that they induce little chronic inflammation when implanted an orbital shaker. After ethanol treatment, scaffolds were rinsed with sterile phosphate-buffered saline (PBS, subcutaneously in animal models (35,41). Moreover, highly porous PGS scaffolds can be channeled to mimic Gibco) for 30 min and twice again with culture medium. Scaffolds were then conditioned in culture medium a capillary network that can support the vascularization of tissue constructs (30) . Thus, PGS may provide an apovernight before cell seeding. To evaluate the effect of different extracellular matrix propriate environment for the cells to adhere and to form microvasculature.
proteins on RAECs' adhesion and function, PGS scaffolds were coated with different substrates prior to cell In the current study, we examined a highly porous formulation of PGS for cultivating endothelial cells in a seeding. Scaffolds were coated with laminin, fibronectin, Matrigel, or collagen, while uncoated PGS scaffolds 3D environment. This study was aimed at characterizing the behavior and function of endothelial cells on the served as a control. Scaffolds were immersed in Matrigel (2.5 mg/ml in serum-free DMEM, BD Biosciences, PGS scaffold, and defining the tissue-engineering conditions that support endothelial survival and differentiated Bedford, MA), fibronectin (50 µg/ml in PBS, BD Biosciences), or collagen type I (50 µg/ml in 0.02 N acetic function. Both static and perfusion seeding methods were studied, and the impact of surface treatments on acid, BD Biosciences) at room temperature for 1 h. Scaffolds in laminin solution (10 µg/ml in distilled water, the PGS scaffold on endothelial behavior, viability, and proliferation were determined. Moreover, endothelial Sigma) were incubated at 37°C for 2 h. Once the scaffolds were coated, they were rinsed with sterile water cell adhesion and phenotype on the PGS scaffold under various flow conditions were determined.
and culture medium before cell seeding. We demonstrate that surface treatment of the PGS Static Cell Seeding scaffold improves endothelial cell adhesion, survival, and proliferation in the case of static seeding. Under
Prior to cell seeding, scaffolds were placed in sixwell plates that were coated with 2% bovine serum albuphysiological levels of flow and shear, endothelial cells not only remain adherent, but also express vasodilator min (BSA) to minimize cell adhesion to the plastic during the initial hour of cell seeding. Both coated and and anticoagulant phenotype. Hence, biomimetic physical signals can be used to modulate endothelial cell uncoated scaffolds were gently blotted dry and 10 µl of RAEC suspension (50 × 10 6 cell/ml) was first added to function in PGS scaffolds in vitro, thereby enhancing their eventual applicability in the cultivation of endothethe top surface of the scaffold and maintained in an incubator at 37°C and 5% CO 2 . For uniform seeding of lial-and capillary-containing tissues.
the cells, scaffolds were taken out of the incubator after MATERIALS AND METHODS 15 min, turned over and another 10 µl of cell suspension Cell Culture was added. Culture medium (10 ml) was carefully added after 1 h and was replaced every 1-2 days. Samples Rat aortic endothelial cells (RAECs) were purchased from VEC Technologies (Rensselaer, NY). Cells were were cultured for 24 h or up to 7 days under static culture conditions at 37°C and 5% CO 2 . cultured in 0.2% gelatin-coated (Sigma, St. Louis, MO) polystyrene tissue culture flasks in MCDB-131 "comPerfusion Cell Seeding plete medium" (VEC Technologies) supplemented with 10% FBS, antibiotics, and growth factors. Fresh culture RAECs were seeded onto PGS scaffolds using a medium perfusion bioreactor system as described in detail medium was exchanged every 3-4 days. RAECs were passaged when they reached 80% confluency using elsewhere (29) . Briefly, scaffolds were placed in custom cell-seeding cartridges and RAECs (100 × 10 6 cells/ml) 0.25% trypsin-EDTA (Gibco BRL). The identity of the cells was confirmed by characteristic cobblestone morwere seeded at a flow rate of 1.068 ml/min (0.1 mm/s) for 2 h using a syringe pump. After 2 h of seeding, the gene, OR) at a wavelength of 485 nm for excitation and 530 nm for emission. scaffolds were either cultured statically or subjected to different flow rates to examine the effects of flow on RAEC function. The low flow rate of 0.1 ml/min and Cell Viability and Proliferation high flow rate of 1 ml/min were applied to the cultures For histological evaluation, samples were fixed in 4% for either 72 h or up to 7 days. In order to estimate shear paraformaldehyde overnight, dehydrated, embedded in stress within the PGS scaffold, the Darcy permeability paraffin, and sectioned at 5 µm. To assess cell viability (K D ) of the PGS scaffold was determined as:
and proliferation, paraffin-embedded sections were deparaffinized and rehydrated according to standard protocol. For cell viability, apoptotic cells were identified by
TUNEL staining using a commercially available TdTFragEL DNA fragmentation detection kit (EMD Biosciwhere µ is the fluid viscosity (0.8 cP for culture medium ences, San Diego, CA) (12). Apoptotic cells were detected at 37°C), Q is the measured volumetric flow rate, L is using a streptavidin-horseradish peroxidase conjugate the thickness of the sample (1 mm), A is the crossand were counterstained with methyl green to visualize sectional area of the scaffold, and ∆P is the pressure the live cells. For cell proliferation, tissue sections were drop across the scaffold construct. The parameters ∆P stained using a proliferating cell nuclear antigen (PCNA) and Q were measured directly from the PGS scaffold staining kit (Zymed Laboratories, San Francisco, CA) that was housed and perfused within the cartridge. (42) . PCNA-containing cells were detected using a conThe average shear stress (τ) within the PGS scaffold jugated biotinylated PCNA monoclonal antibody and to which the RAECs were exposed was estimated by streptavidin-peroxidase along with DAB as the chromaassuming flow around cylindrical polymer surfaces ingen to stain PCNA-positive nuclei a dark brown. The side the PGS scaffold, based upon the modified Brinkpercentage of proliferating or apoptotic cells relative to man (5) equation: the total number of cells was obtained from counting positive cells from images taken from three slides per sample.
Western Blots
Construct homogenates were diluted (1:4) in Laemili where B is the Brinkman constant for flow around cylinbuffer (Bio-Rad) containing 5% mercaptoethanol and ders (B = 4/π).
2% sodium dodecyl sulfate (SDS) and were boiled for Scanning Electron Microscopy 10 min to denature the proteins. The proteins were separated on PDVF gels using 1× Tris-glycine-SDS running Samples were fixed in 2.5% gluteraldehyde/parabuffer (Boston Bioproducts) at a constant voltage of 100 formaldehyde in 100 mM sodium cacodylate solution V for 2 h at room temperature followed by electropho-(Electron microscopy sciences) at pH 7.4 for 2 h (25). retic transfer. Primary antibodies used for immunoblotAfter fixation, samples were rinsed in a solution of 100 ting were polyclonal rabbit anti-NOS3 (1:100, Santa mM of sodium cacodylate at pH 7.4. Samples were deCruz), polyclonal rabbit anti-prostaglandin I synthase (1: hydrated with 10-min exchanges in each of 50%, 70%, 100, Abcam), polyclonal rabbit anti-CD31 (1:100, Santa 80%, 90% ethanol solution, in absolute ethanol for three Cruz), monoclonal mouse anti-thrombomodulin (1:500, times, and were then immersed in hexamethyldisilazane Abcam), polyclonal rabbit anti-superoxide dismutase (HMDS) for 15 min and air dried at room temperature (Abcam, 1:2000), and monoclonal mouse anti-β-actin overnight. The dried samples were coated with gold by (Sigma). After multiple washes, blots were incubated a sputter coater for 30 s. Samples were examined using with secondary goat anti-rabbit IgG HRP or goat antiand XL30 ESEM scanning electron microscope (FEI, mouse IgG HRP antibodies (1:2000, Santa Cruz), and Hillsboro, OR).
developed using chemiluminescence (Supersignal, Pierce). Fresh rat aortic tissue homogenate and low passage cul-DNA Assay tured RAEC lysate were used as positive controls. To quantify the number of cells seeded onto each scaffolds, DNA assay was performed as described (34) .
Statistical Analysis Scaffolds were incubated in Proteinase K (0.1 mg/ml in TE buffer, Invitrogen, Carlsbad, CA) overnight at 56°C
Results are presented as mean ± SD. Statistical differences were determined by a two-way ANOVA with a for DNA extraction. DNA content was measured flourometrically using a picogreen dye (Molecular Probes, Eupost hoc Tukey's least significant difference among the different matrices and flow conditions. Statistical signifwere labeled using TUNEL staining, and TUNEL-positive cells as a percentage of total were counted. Lamiicance was accepted for p < 0.05.
nin-coated scaffolds exhibited not only a higher number RESULTS of overall seeded endothelial cells, but also a higher Influence of Protein Coating on RAEC Adhesion number of live cells compared to the uncoated scaffolds.
to PGS Scaffolds
The percentage of apoptotic cells was significantly lower in laminin-coated scaffolds compared to the unTo investigate the effects of surface treatment with coated scaffolds (20 ± 1.5% vs. 50 ± 4.5%, p < 0.05), extracellular matrix proteins on endothelial cell adhesion and all of the other coated scaffolds (Fig. 3B) . In addiand function, PGS scaffolds were coated with laminin, tion, the apoptotic activity of cells on fibronectin-coated fibronectin, Matrigel, and collagen. Uncoated PGS scafand collagen-coated scaffolds was lower than the unfold served as a control. The uncoated PGS scaffolds coated group, suggesting that the surface treatment of exhibited a very open structure with large interconnected the scaffold can preserve RAEC viability (p < 0.05). Alpores, as evidenced by scanning electron micrographs though laminin-coated scaffolds improved the endothe-(SEM) (Fig. 1A, B) . RAECs cultured on uncoated conlial cell viability, the percentage of apoptotic cells retrol scaffold for 24 h adhered to PGS to some degree mained fairly high, at 20% after 24 h. (Fig. 1C) , and higher cell density and more cell spreadTo test whether toxic components were leaching from ing were observed after 7 days of culture (Fig. 1D ). In the PGS scaffolds and impairing RAEC viability, cellcontrast, cells cultured on the laminin-coated scaffold free scaffolds were incubated in culture medium for 7 for 24 h and 7 days were more spread out and extended days at 37°C to produce scaffold-conditioned medium. across scaffold interstices (Fig. 1E, F ). Hematoxylin and RAECs were cultured in the conditioned medium for 5 eosin (H&E) staining also showed higher cell number days, and cell viability and growth were examined. and more uniform distribution of cells on the lamininThere were no differences in cell morphology or cell coated PGS compared to other coatings after 24 h of number between RAEC cultured in control medium verculture, as evident in Fig. 2 .
sus scaffold-conditioned medium, implying that no cytoAfter 24 h of culture, the average DNA content was toxic components leached from PGS scaffolds (data not significantly higher in the laminin-coated and fibronecshown). Thus, the observed high levels of TUNEL staintin-coated scaffolds compared to the uncoated control ing were more likely due to limitations of mass transfer scaffolds (194.90 ± 44.13, 181.47 ± 41.53, and 86.18 ± inside the bulk of the scaffold, as opposed to toxicity of 11.57 µg/ml, respectively, p < 0.05 vs. uncoated control) the scaffold material per se. indicating a higher number of attached cells in the laminin-and fibronectin-coated scaffolds (Fig. 2F) . This reEffects of Perfusion Cell Seeding on RAEC Adhesion sult demonstrates that the laminin and fibronectin signifto PGS Scaffolds icantly improved endothelial adherence to the PGS To compare the effects of static versus perfusion cell scaffold after only 1 day.
seeding, a perfusion bioreactor was used to allow meEffects of Extracellular Matrix Treatment on RAEC dium flow through the scaffold (29) . In contrast to the Proliferation and Apoptosis static seeding, where the majority of the cells were found on the outer surface of the uncoated scaffolds The impact of the surface coating on the proliferation and survival of statically seeded RAEC was examined (Fig. 4A) , much improved uniformity of the cells throughout the construct was observed after 2 h of perfuusing PCNA and TUNEL staining on paraffin-embedded sections of uncoated and coated scaffolds. PCNA-posision seeding on uncoated scaffolds (Fig. 4B) . Perfusion seeding improved the cell uniformity throughout the tive cells were counted as a percentage of the total number of cells after 24 h of culture. PCNA staining revealed scaffold in the laminin-coated scaffolds as well, as shown with H&E staining (Fig. 4C, D) . Cell seeding significantly more positive nuclei in laminin-coated scaffolds than in uncoated (15.72 ± 6.9% vs. 1.97 ± efficiency, calculated based upon DNA assay, revealed that laminin had a significant effect on adhered cell den-1.9%, respectively, p = 0.03) (Fig. 3A) , indicating that laminin-coated scaffolds supported more RAEC prolifsity under static conditions as described previously. However, there was no difference in cell seeding effieration than uncoated. Compared to the uncoated control scaffolds, fibronectin and Matrigel coating were also efciency between laminin-coated and uncoated scaffolds with perfusion seeding, indicating that the impact of perfective in promoting RAEC proliferation in the PGS scaffold.
fusion seeding was at least as great as the impact of surface coating of PGS scaffolds (p > 0.1) (Fig. 4E) . In To examine the viability of RAECs that were statically seeded onto PGS scaffolds, cells were cultured on addition, the total number of cells was similar in either statically seeded or perfusion seeded for both uncoated coated or uncoated scaffolds for 24 h. Tissue sections and laminin-coated scaffolds, indicating that perfusion in the uncoated scaffolds (Fig. 5A) . A nearly 10-fold increase in the number of proliferating cells from 1.9 ± seeding resulted in a more spatially uniform distribution of cells within the scaffold rather than seeding a higher 1.85% to 23.66 ± 3.87% (p < 0.05) was observed in perfusion-seeded uncoated scaffolds compared to statically number of cells.
seeded uncoated scaffolds. The percentage of proliferatEffects of Perfusion Seeding on RAEC Survival ing cells tended to be higher in laminin-coated scaffolds and Proliferation with perfusion seeding compared to statically seeded scaffolds (31.55 ± 3.21% and 15.7 ± 6.92%, respectively), PCNA and TUNEL stainings were performed to assess the number of proliferating and apoptotic cells folalthough the difference was not statistically significant (p > 0.1) (Fig. 5A ). The percentage of apoptotic cells in lowing perfusion seeding. RAECs were perfusion seeded for 2 h, followed by 24 h of static culture, to match uncoated and statically seeded scaffolds decreased significantly from 50.03 ± 4.51% to 35.31 ± 6.58% by perstatically seeded scaffolds. Our results show that perfusion seeding enhanced RAEC proliferation and survival fusion seeding (p < 0.05) (Fig. 5B) . The percentage of apoptotic cells in statically seeded laminin-coated scaffolds cell viability and proliferation were enhanced by perfusion, likely due to the more uniform monolayer distribuwas not statistically different from the perfusion-seeded laminin-coated scaffolds (20.02 ± 4.51% to 28.42 ± 20.37%, tion of seeded cells, while laminin coating conferred survival even in statically seeded constructs where cells respectively). Based on PCNA and TUNEL staining, no difference in cell proliferation and survival between were piled on top of one another rather than in a monolayer. laminin-coated and uncoated scaffolds with perfusion seeding was observed, similar to the cell seeding effiEffects of Flow on RAEC Function and Phenotype ciency described above. This result again indicates that the perfusion seeding had a significant impact on unTo characterize the impact of bulk flow and shear stress on RAEC function in PGS, samples were perfucoated scaffolds on cell proliferation and survival, and not on laminin-coated scaffolds. This in turn implies that sion seeded for 2 h and then cultured under either low under low flow (Fig. 6B ) or high flow (Fig. 6C) . Cells remained well adhered and spread out in the PGS scaffolds under all three conditions, and cell density was not grossly affected by either high or low shear after 72 h. In order to assess the impact of shear on RAEC phe- The measured values were fitted to obtain permeability at flow rates of 0.1 and 1 ml/min. The extrapolated permeability values for low flow (0.1 ml/min) and high flow (1 ml/min) were 1.9 × 10 −8 and 3.9 × 10 −8 cm 2 , respectively. The average shear stress for low flow (0.1 ml/min) and high flow (1 ml/min), calculated using the permeability values and Equation 2, resulted in a shear stress of 0.8 and 5.5 dynes/cm 2 , for low and high flows, RAECs after 72 h in the absence of flow (Fig. 6A) or notype in the scaffolds, immunoblotting was performed. culture, while eNOS and thrombomodulin both were decreased in RAEC on PGS scaffolds compared to flasks Western blot revealed that RAEC express endothelial nitric oxide synthase (eNOS), thrombomodulin, PECAMunder static conditions. 1, prostaglandin synthase, and superoxide dismutase DISCUSSION under static culture conditions in flasks (Fig. 7) . The expression of eNOS, which is important in vascular ho-
The objective of this study was to examine the biocompatibility of porous PGS scaffolds, and the function meostasis, vessel remodeling, and angiogenesis, was upregulated by both low and high flow compared to no of RAEC as affected by various extracellular matrix proteins and by shear stress. By characterizing RAEC adheflow in the PGS scaffolds. This is consistent with the animal studies showing upregulation of eNOS expression, survival, proliferation, and phenotype under both static and flow conditions, our study demonstrates that sion by shear stress (24) . In a quiescent state, eNOS is negatively regulated by several proteins (10), but when the RAEC-seeded 3D PGS scaffold provides a biocompatible and flexible endothelial cell delivery system for a stimulus such as shear stress is present, eNOS activity is enhanced. The expression of thrombomodulin, which developing engineered tissues with neovascularization potential. is an antithrombogenic protein, also increased in a flowdependent manner. This is also consistent with previous PGS scaffolds were initially coated with various extracellular matrices to determine biocompatibility and studies showing upregulation of thrombomodulin by fluid shear stress (36). However, no significant changes optimal endothelial cell-seeding conditions. Among several extracellular matrix proteins, laminin coating proved were observed in PECAM-1, prostaglandin I synthase, and superoxide dismutase expression with flow. In addito be the most effective for promoting RAEC adhesion, survival, and proliferation. Previous studies have shown tion, these latter three molecules were not different in their expression between static flask culture and PGS that coating surfaces with extracellular matrix compo- nents such as laminin, fibronectin, and gelatin can impact the perfusion seeding. This suggests that the perfusion cell seeding minimized the effects of laminin coating in the interaction between a biomaterial and cells resulting in enhanced cell attachment, proliferation, differentiathe adherence of RAEC to the PGA scaffolds. Endothelial cells are substrate dependent, and although optimal tion, and migration (3,21,31). Barcells et al. showed improved bovine aortic endothelial cell adhesion on polymatrix stiffness varies among different cell types, cells on soft matrices are minimally adhesive and prone to styrene discs with protein coating, and reported that the enhancement of cell adhesion was independent of the apoptosis in general (14,44). In the static seeding condition, cells were mostly stacked on top of each other, and type of coating proteins (3). Sales et al. showed that precoating of PGS scaffold with various matrix proteins hence experiencing a softer substrate of cells underneath. In contrast, perfusion seeding resulted in a monoresulted in increased endothelial progenitor cell adhesion, growth, and phenotype (31) most effectively with layer distribution of cells, wherein most cells were on a stiffer matrix (ϳ60 KPa modulus), which endothelial fibronectin. Overall, our studies show that precoating with laminin resulted in the highest density of attached cells prefer for survival. Therefore, it is possible that the monolayer distribution of endothelial cells caused cells, and not only the highest fraction of proliferative cells but also lowest fraction of apoptotic cells compared by perfusion seeding promoted similar cell adhesion and survival to endothelial cells on the laminin-coated scafto the uncoated scaffolds, suggesting that the laminin coating is the most effective among the other tested mafold, where laminin provided antiapoptotic, integrinmediated signals for endothelial cell survival. It is likely trices. Precoating the scaffold with fibronectin and Matrigel also enhanced cell adhesion and proliferation comthat the high levels of apoptosis that were observed in the static seeding experiment were due to the overdense pared to the uncoated control scaffold. While there was no significant difference in RAEC adhesion to collagenseeding and nutrient limitations. A cell density of 100 × 10 6 cell/ml was chosen to determine the feasibility of coated scaffolds compared to the uncoated control scaffolds, collagen coating improved cell survival compared high cell loading, and for subsequent cocultures with parenchymal cells, which require higher cell density (7, to the uncoated control.
It has been reported that endothelial cell proliferation 28, 29) . In vivo, endothelium is exposed to shear stress rangand survival are influenced by interactions between integrins on the basal surface and the underlying extracelluing from 1-20 dyn/cm 2 (4,6) and expresses high levels of native anticoagulants such as thrombomodulin, and lar matrix proteins (1, 13, 18) . In particular, activation of the mitogen-activated protein kinase (MAPK) signal vasodilators such as prostacyclin (9) and nitric oxide synthase (eNOS) (17) and low levels of proinflammatransduction pathway in endothelial cells is critical for proliferation and angiogenesis (32, 39) . However, the tory or prothrombogenic molecules. However, in static in vitro cultures, endothelial cell phenotype is altered, specific extracellular matrix component involved in supporting these processes is less understood. The results and cells become more proliferative and the endogenous anticoagulant properties of native endothelium are attenfrom our study suggest that higher survival and proliferation of RAECs observed with laminin and fibronectin uated. Thrombomodulin, which is the most important endogenous anticoagulant in the pulmonary and cardiac coating may be due to interactions of integrin receptors such as α 2 β 1 and α 5 β 3 via the MAPK signaling pathway vasculatures, is substantially down regulated in vitro. Our study shows that the application of flow to the (27, 40) .
With the static seeding method, a majority of the cells seeded onto 3D PGS scaffold can directly influence endothelial cell function, especially their anticoagulant cells were found on the outer surface within 100 µm from the edge, rather than in the center. Previously it phenotype. By applying flow to the RAEC-seeded PGS scaffold, we observed an upregulation of eNOS and has been shown that perfusion yields high seeded cardiac cell populations as well as improved viability of thrombomodulin in response to shear stress compared to statically cultured RAEC. This increase in expression of cardiac tissue constructs in long-term culture (29, 30) . Thus, we extended our study using a custom flow bioreeNOS and thrombomodulin that was mediated by flow was somewhat eclipsed by an overall decrease in expresactor for medium perfusion seeding. With the perfusion seeding, uniform cell distribution throughout the thicksion of these molecules in cells seeded on PGS, compared to cells grown on tissue culture plastic. While the ness of the scaffold was achieved and cells spread in a monolayer appearance, although the total number of cause of the decrease in eNOS and thrombomodulin on PGS remains unclear, it is likely not due to toxicity, seeded cells was similar to statically seeded constructs.
In contrast to the static seeding condition where prebecause other EC markers were preserved and toxicity studies of this material were negative. Hence, it may coating with laminin had a significant effect on cell density, the difference in the cell density between uncoated be the 3D topography of the PGS scaffold that induced changes in the expression of eNOS and thrombomodulin and laminin-coated scaffold became insignificant with 
